Gradual solar energetic particles (SEPs) are associated with interplanetary (IP) shock driven by coronal mass ejections. Testing theories/models that are built around shock acceleration mechanisms is difficult due to the complexity of SEP fluxes acquired by single-point measurements. To circumvent this, we correlate fast-forward shock Mach numbers derived from a 1.5D magnetohydrodynamics simulation with the intensity of solar energetic oxygen (O) and helium-4 ( ), respectively, for hourly averaged data. This result not only bolsters the causal relationship between IP fast shocks and SEPs, but also suggests that the Mach number of IP shocks is one of the major controlling parameters for the intensity of SEPs measured in the near-Earth space.
InTRoducTIon
Solar energetic particle (SEP) events are enhancements of high energy electrons, protons, and heavy ions, with energies ranging from tens of keV to GeV, streaming outward from its source associated with solar flares and coronal mass ejections (CMEs). Studies of SEPs in the interplanetary space provide remote diagnosis of the source mechanisms and transport of these particles. Solar energetic particles (SEPs) also play a major role in space weather forecasting since it takes about only an hour for 10 MeV protons to propagate from the Sun to the Earth and much more than that in the case of energetic storm particles (ESPs) since intensities often peak at the shock passage at 1 astronomical unit (AU). Understanding the causes and to be able to predict the arrival of SEPs and ESPs are of importance in the space era because these high energy episodes pose threats to space vehicles and the health of astronauts. However, interpreting the intensity-time profile of in situ SEP data has ambiguities because of the following three fundamental problems. First, single point measurements at spacecraft cannot distinguish between spatial and temporal variations. Second, for a single observer, temporal and spatial variations of the source of energetic particles are not measurable. Finally, the structure of the shock and interplanetary magnetic field (IMF) connecting shock to the observers are not measureable. Nonetheless, studies of SEPs from data collected in space during the last few decades have generally established a qualitative picture of the SEP time-intensity profile morphology (see the review by Reames 1999) . A concept of "two-class" ("impulsive" and "gradual") of SEP events is now largely accepted. Impulsive SEPs are associated with solar flares (e.g., Pallavicini et al. 1977) , whereas the occurrence of gradual SEPs is well correlated with CMEs (e.g., Kahler et al. 1978) .
Mechanisms responsible for accelerating particles to high energies are not well understood and studies of the acceleration mechanisms continue. Previous studies show that there is a close association between SEP events and slowdrifting Type II radio bursts (Wild et al. 1963 ). There is a good correlation between proton (> 2 MeV n -1 ) peak intensities and the speed of their associated CME (Kahler 2001) ; the SEP peak flux (> 10 MeV) is better correlated with the CME speed than with the X-ray flare peak flux (Gopalswamy et al. 2003) . These results, along with many other studies suggest that large gradual SEP events are accelerated at the interplanetary shocks driven by CMEs. However, as shown in Kahler (2001) , there is a large spread (~3 decades) in the SEP proton flux for a given CME speed. Other parameters might be of more importance in controlling SEP fluxes at 1 AU. The use of CME speed as a proxy for the CME-driven shock is obviously inadequate since it is the CME speed in the solar wind reference frame that determines if a shock wave can be excited by the CME. Notice that the fast-mode shock Mach number is defined as the ratio of the upstream plasma flow speed in the shock frame to the upstream fastmode wave speed. The square of the shock Mach number is, to a first order approximation, equivalent to the ratio of the kinetic energy of the plasma in the shock frame to the sum of the thermal energy and the magnetic energy upstream of the shock, and can be considered as a measure of the free energy of the magnetized upstream plasma that can be converted by the shock to other forms of energy. Therefore, one can expect that a larger Mach number (more free energy) will result in higher SEP fluxes. Here we propose that the fast shock Mach number is a better proxy of the shock strength and we will demonstrate our view by correlating in situ SEP data with fast shock Mach number. Because of limited spacecraft coverage, shock surface regions of a given Mach number intensity are only observationally available in a fragmentary form (see, e.g., Berdichevsky et al. 2009 ). We will use shock Mach numbers derived from a magnetohydrodynamic (MHD) simulation to perform the analysis.
dATA AnAlySIS

observations of SEPs
This study focuses on the time period from day 298 Helium-4 ( 4 He) and oxygen (O) ions were observed by the Solar Isotope Spectrometer (SIS) (Stone et al. 1998 ) and the Ultra-Low-Energy Isotope Spectrometer (ULEIS) (Mason et al. 1998) He and O enhancements were rather short (~3 hr) relative to that for the third event (~10 hr). The sudden rise of the MeV 4 He and O fluxes approximately coincides with bursts of large solar X-ray flares that occurred at 1735 UT on day 299 (Class: X1.2/3N at N05W33), 1102 UT on day 301 (Class: X17.2/4B at S16E08), and 2042 UT on day 302 (Class: X10/2B at S15W02). A series of flare onsets during this time, day 298 -304, are marked in Fig. 1b . All three flares were followed by CMEs. ACE was magnetically connected to the observed initial flare sites in the first SEP event but not in the second and third SEP events .
Three fast-mode IP shocks were observed by ACE at 0150 UT on day 301, 0600 UT on day 302, and 1620 UT on day 303 (marked as vertical dashed lines in Fig. 1a ). The arrival of the second and third IP shocks at ACE coincides with the peak low-energy SEP fluxes seen at the second and third events. A dramatic decrease in the SEP flux, especially the higher energy 4 He and O, is found to follow immediately after the passage of the second IP shock.
Shock Simulations
Evolution of the flare-associated CME-driven shocks from the surface of the Sun out to 1 AU for the Halloween storm event has been studied and reported by Wu et al. (2005 Wu et al. ( , 2006 Wu et al. ( , 2007 . The simulation used a 1.5D adapted code (Panitchob 1987) to solve numerically a set of governing equations that satisfy the conservation of mass, momentum, and energy for a compressible, non-viscous, perfectly conducting, adiabatic (γ = 5/3) magneto-hydrodynamic fluid in the presence of gravitational forces between the Sun and the solar wind plasma. The simulation inputs (plasma density, temperature, and velocity associated with pressure pulses) were tuned to match the timing and the velocity profiles of the 4 IP fast shocks arriving at the ACE orbit. The shock Mach numbers are obtained directly from their reported result and are used to correlate with the observed SEP fluxes. Our use of the 1.5D approximation for the present study assumes that the shock origin is near the central meridian and that the magnetic connection to ACE is good; given the flare locations at W33, E08 and W02, the assumption is reasonable. rt =^h is the Alfvén speed, and θ Bn is the angle between the upstream magnetic field (B) and the shock normal. The shock wave speed was calculated as the time rate of the change of the shock location and the shock speed Mach number was computed by the wave transit method (Wu et al. 1996) . In Wu (2006), three interplanetary shocks and one velocity jump observed by ACE were simulated using the 1.5 MHD code (Panitchob 1987) , with their corresponding CME drivers launched at the Sun at the times of the four solar flares (1, 2, 4, and 5 marked in Fig. 1b) . For each CME, a pair of fast-mode shocks are driven: one forward and one reverse. As indicated in Fig. 1c , a faster forward fast-mode shock (FFS) can catch up and subsequently merge with a slower FFS or a reverse fast-mode shock (RFS) to become a stronger one (e.g., FFS1 + FFS2 and RFS1 + RFS2). On the other hand, two shocks (one forward and one reverse) can collide and penetrate each other. The strength of the shock can become increasing (FFS2) or decreasing (FFS4) depending on their upstream and downstream solar wind conditions (Wu et al. 2006) .
It is shown that the strength of shocks as indicated by their Mach numbers can vary significantly after they are created and propagated outward from the Sun. If SEP particles are accelerated by IP shocks, changes of the shock strength should appear in SEP data, i.e., a good correlation between the SEP flux and shock Mach numbers is expected. A quick comparison of the forward shock Mach number (FFS3 and FFS4) with the SEP fluxes seems to support such an idea. It is worth mentioning that the sharp decrease in SEP fluxes after the second shock arrival (on day 302) is probably caused by the sudden decrease in the shock Mach number, which drops substantially from 15 to 8 in a matter of 1 hour, resulting from the collision of the reverse fast-mode shock (RFS1 + 2) with the forward fast-mode shock (FFS3).
To quantify the SEP flux-shock Mach number relationship, we correlate the simulated shock Mach numbers with the hourly averages of SEP data for the second and third SEP events. Note that we will omit consideration of the first SEP event since the first shock event, which is probably responsible for the first SEP event, was not studied by Wu et al. (2006) . The other SEP events, in our opinion, will provide sufficient evidence for this study. We first resample the Mach number data to the hourly SEP data time grids. Then we calculate the Pearson product-moment correlation coefficient between the hourly Mach numbers and the logarithmic (10-based) SEP fluxes for the time period between day 301.47 and day 304 (shaded region shown in Fig. 1 ). Figure 2a shows the best correlation for 4 He (r = 0.67) that happens to the 17.96 -29.35 MeV n -1 energy channel following the fourth flare (see Fig. 1b ) and the FFS/RFS interaction. The correlation coefficient can be much larger (r = 0.78) if the two outliers at the bottom of the Fig. 2a are removed. Figure 2b shows correlation coefficients for all 8 4 He energy channels. In general, the correlation is better for larger energy 4 He because it takes finite times for lower energy 4 He to propagate from the shock site to ACE. Thus, the correlation coefficients are somewhat lower for the other, lower energy 4 He. To take this propagation effect into account, we estimate, to a first order approximation, the propagation delays of the 4 He particles using a "ballistic model." We divide the distance between the shock location and ACE by the speed of 4 He for the given energies for each time grid. Note that this simple time correction does not consider particle motion in a realistic magnetic field, particle scattering, and the finite time of particle acceleration, thus it underestimates the delay time. We believe that an underestimation should be negligible for the hourly data set used in this analysis. The delay time is added to the time grid and the flux at this new time is linearly interpolated and used to compute the correlation coefficients. The result is shown in Fig. 2b as filled squares. One can see improvements in the correlations except for the lowest energy channel. The peak correlation is r = 0.77 for the 17.96 -20.35 MeV n -1 channel. To test the significance of the correlation, the commonly used Student's-t test may not be appropriate because it assumes the randomness of data. Here we will first check the randomness of the data. Taking the data shown in Fig. 2a  for   4 He (E = 17.96 -29.35 MeV n -1 ) as an example, we plot the correlogram, which is a plot of sample autocorrelations versus time lags in Fig. 3 . At zero lag, the correlation coefficient is 1; at nonzero lag time, the correlation coefficients decrease. After lag 6, the correlation coefficient falls below the 95% confidence level (defined by regions between two horizontal dashed lines) for a random series. Therefore, the number of independent points is ~ 57/6 ~ 9, which is much less than the original samples. Inspection of other data of different energy ranges indicates that the autocorrelation time is mainly in the 6 -8 hr range. Therefore, special care must be taken in dealing with the statistical significance of the correlation.
Here we will use the Random Phase technique developed by Ebisuzaki (1997) to test the statistical significance of correlation between two time series. The Random Phase technique is a non-parametric method and is similar to the Monte Carlo significance test in that both methods calculate cross correlation between a randomly reordered one of the time series with a second original series for a large number of times. However, there is a difference in generating the random time series. The Monte Carlo significance test method preserves the distribution of the original data, whereas the Random Phase method preserves the power spectra of the time series. The null hypothesis that the two series are uncorrelated can be rejected with the 0.05 significance level if the cross correlation computed is outside the (0.025, 0.975) quantiles of the empirical distribution of the cross-correlations.
The red dotted lines shown in Fig. 2b are critical cross correlation coefficients at the 0.05 significance level derived from the Random Phase method using 10000 simulations, meaning that one can reject the null hypothesis at the 0.05 probability level whenever the cross correlation is greater than the critical value. The computed Pearson correlation et al. 1984 and Desai et al. 2004 ). As Fig. 2d indicates, the correlations between high energy O (> ~10 MeV n -1 ) fluxes and shock Mach number are statistically significant at the 5% probability level or better, irrespective to propagated or non-propagated oxygen SEP fluxes.
The good correlation between SEP fluxes and the fastmode shock Mach number illustrated in Fig. 2 prompts a question of whether the shock speed or the variation in wave speed is more important. Here we also perform similar correlation analysis and the result is shown in Fig. 4 . The green dash-dotted line represents the 95% confidence level derived from the Random Phase technique (Ebisuzaki 1997) and shows that SEP fluxes are better correlated with the 
coefficients are significant at the 0.05 probability level for 4 He having E > 20 MeV n -1 (the last two energy channels) and for propagated 4 He having E > 10 MeV n -1 (the last 4 highest energy channels).
We perform the same statistical analysis for O and the result is shown in Figs. 2c and d . The overall correlations for O are better than those for 4 He. The largest correlation coefficient is r = 0.82 (see Fig. 2c ). After correcting for the propagation delay, the correlation is slightly improved. The poorer correlation of the Mach numbers and SEP intensities at lower energies is most likely due to the fact that the low energy particles often peak when the shock passes 1 AU due to trapping of the particles near the shock (e.g., van Nes Mach number (black) than with either the shock speed (red dotted line) or fast-mode wave speed (blue dashed line).
dIScuSSIon
A good correlation between the CME-driven shocks and the intensity of SEP fluxes may not be unexpected as shock acceleration has long been considered as the primary mechanism for large, gradual, and long lasting SEP events. The present study of two SEP events indicates that up to ~40% (~60% after correcting for a scatter-free propagation) of the variability in 4 He flux and up to ~70% of the variability in O flux are linked to the variability in the fast shock Mach number. This suggests that the fast shock Mach number is one of the major controlling parameters for the intensity of SEPs. If one assumes that particles are accelerated by shocks, the intensity of SEP flux must, to some extent, depend on the intensity of shock such as the Mach number. The square of the Mach number is proportional to ~~, V C V P B 8 2 1 2 1
where K f , TH f , and B f are the kinetic, thermal, and magnetic energy density of the plasma flow upstream of a perpendicular shock, and is proportional to ~K T H f f or K B f f whichever is smaller for a parallel shock (the proportional form comes in between for oblique shocks). While it is believed that much of the kinetic energy of the upstream plasma flow will be converted to the thermal energy of plasma and magnetic turbulence downstream of the shock, a portion of the energy will go to energetic particles. No matter how the energy is converted, it is reasonable to assume that shocks with a larger Mach-number will result in SEP events with higher fluxes, as it is suggested by the present study result.
Another way to view the results herein is that the leading theory for shock acceleration relates the shock compression ratio with the SEP spectrum. The shock compression ratio is a function of the shock Mach number and the plasma beta of the upstream plasma (Ellison and Ramaty 1985) . Therefore, a large Mach number would predict a harder SEP spectrum and a larger high-energy particle flux.
Previous observations have shown a trend that the peak fluxes of SEP events increase with CME speed; however a large scatter (a few decades) in the SEP peak fluxes is also present (Kahler 2001 ). The present analysis shows only a median correlation (r ~0.6) between the shock speed (in the solar wind frame) and the SEP fluxes of higher energy (> 20 MeV neu -1 ) particles. It is surprising that the time variations of the SEP fluxes followed closely with the temporal variations of the modeled Mach number. For example, in the particular event (FFS3) that started on day 301, a sudden decrease in the shock Mach number caused by collision of a RFS (RFS1 + 2) with a FFS (FFS3) on day 302. The sharp drop in Mach number coincides with the sudden drop (Fig. 1a) in SEP particles of higher energies, indicating the importance of the temporal and spatial evolution of CMEdriven shocks in the time-intensity of SEP profile at 1 AU.
The two studied SEP events with their associated CMEs originating near central meridian ) probably contributed to the good correlation result obtained from this study. Although, the correlation length of energetic particles (~0.1 -0.2 MeV) at 1 AU is found to be ~ 3 × 10 8 km (Neugebauer and Giacalone 2005) , the prompt rise (within 1 hr) of high-energy SEPs at the flare onset suggests that the CME-driven shocks, which were developed at the surface of the Sun at the flare onset, accelerate particles to 10 s of MeV within ~10 R s and are magnetically connected to ACE, and cross-field transport of the accelerated particles are probably not important for the two events. This may also have helped the comparison of the modeled shock using the 1.5D simulation code. On the other hand, as suggested by Reames (2009) , the fast (> 2500 km s -1 ) halo-CME that occurred on 28 October 2003, can travel 2 R s in a short time (10 minutes) and reach field lines that are well-connected to the Earth, thereby energetic particles that are accelerated by the CME-driven shock can take little time to the observer at Earth. One must note this simplified approach using the 1.5D simulation leaves out a few parameters that are known to affect SEP fluxes. For example, the angle between IMF and the shock normal (θ BN ). The θ BN has been associated with the efficiency of diffusive shock acceleration; whether particle acceleration is more efficient in a quasi-perpendicular shock (e.g., Jokipii 1987) or in a quasi-parallel shock (e.g., van Nes et al. 1984 ) is still a matter of debate. It is not clear whether a better correlation would result if the events are parametrized by the θ BN angle because it will require at least a 2D simulation. Nonetheless the present study should represent the lower bound for this type of study. Another relevant parameter is adiabatic deceleration, that could be taken into account in a more complete simulation.
Finally, it is worth mentioning that the correlation analysis between SEP fluxes and shock Mach numbers reveals an energy dependent feature. The cross correlation between the two parameters sharply increases and becomes significant at the 5% probability level occurs for both species with E > ~10 MeV n -1 (up to the SIS energy), though we are not certain if better correlations can occur for higher energy SEPs. The energy corresponding to the correlation peak is in good agreement with the SEP spectra break reported by Mewaldt et al. (2005) He and ~15 MeV n -1 for O). It is possible that lower energy particles are prone to scattering by magnetic turbulence upstream to the shock created by shock-accelerated particles (e.g., Lee 1997 , and references therein). Only those particles with high enough rigidity can leak out and be observed far away from the shock . Further investigation with more event studies would help justify this point of view.
concluSIonS
To summarize, we have shown, for the first time, a good linear relationship between the time-intensity profile of 4 He (E > ~10 MeV n -1 ) and O (E > ~10 MeV n -1 ) and the time profile of concurrent fast shock Mach number derived from an 1.5D MHD simulation for two SEP events that occurred on 28 -31 October 2003. A simplified scatterfree propagation method along the Sun-Earth line is used to correct the delay time, which improves the correlation only slightly. The overall correlation may further improve if additional parameters are considered, but it is at least possible that the contribution of the Mach number will decrease some if another parameter (e.g., shock angle) is also found to be important. Nevertheless, this study provides a strong argument for acceleration by the CME-driven shocks (cf. Dryer 1994) and suggests a possibly good start on further studies toward a forthcoming better understanding of the way high Mach number shocks are able to produce strong gradual SEP events. The present work also clearly demonstrates the importance of the temporal and spatial evolution of CMEdriven shocks in the time-intensity of a SEP profile.
